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Summary 
The T cell receptor (TCR) 6 locus lies within the TCR 
a locus and is excised from the chromosome by Va- 
Ja rearrangement. We show here that 6 sequences per- 
sist in a large fraction of the DNA from mature 
CD4+CD8-a8+ mouse thymocytes. Virtually all 6 loci 
in these cells are rearranged and present in extrachro- 
mosomal DNA. In immature a8 lineage thymocytes 
(CDS-‘%DS+CDS+) and in CD4+CD8-a8+ thymocytes 
expressing a transgene-encoded a8 receptor, re- 
arranged 6 genes are present both in chromosomal 
and extrachromosomal DNA. Thus, contrary to earlfer 
proposals, commitment to the a8 lineage does not re- 
quire recombinational silencing of the 8 locus or its 
deletion by a site-specific mechanism prior to Vu-Ja 
rearrangement. 
Introduction 
T lymphocytes express heterodimeric antigen receptors 
composedofeitheraandPchainsoryand6chains(Meuer 
et al., 1983; Brenner et al., 1986). The antigen-binding 
variable(V) regions of each T cell receptor (TCR) are clon- 
ally unique and are assembled from discrete DNA ele- 
ments (V, diversity [D], and joining [J], or V and J) by a 
process known as V(D)J recombination (Tonegawa, 1983; 
Lewis and Gellert, 1989). In the early fetal thymus, recom- 
bination and expression of y and 6 genes developmentally 
precede that of a and 8 genes (Lew et al., 1986; Chien 
et al., 1987b). This is reflected in an earlier appearance 
and higher frequency of yS than a6 T cells during the fetal 
period (Raulet et al., 1985; Pardoll et al., 1987). The fre- 
quency of yS T cells declines markedly in perinatal life and, 
while production of these cells continues into adulthood, 
most adult thymocytes and peripheral T cells belong to 
the a8 lineage (Itohara et al., 1989). Although both types 
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of T cells appear to arise from a common progenitor (Wu 
et al., 1991), it is not clear what event(s) control commit- 
ment to the yS or a8 lineage. 
Various models have been proposed to explain the dif- 
ferential generation of y8 and a8 T cells (for review see 
Fiaulet et al., 1991; Haas and Tonegawa, 1992). In an early 
model, it was proposed that TCR gene rearrangements 
are completed first at the y and 6 loci at a time in T cell 
development when only partial (D-J) rearrangements oc- 
cur at the 8 locus (Allison and Lanier, 1987; Pardoll et al., 
1987). A productive rearrangement at both y and 8 loci 
would end further recombination of TCR genes and com- 
mit the cell to the y8 lineage. Failure to achieve a pro- 
ductive y and 6 rearrangement would allow continued 
recombination at the 8 locus and initiation of a gene re- 
arrangements, making possible the generation of cells ex- 
pressing a6 receptors. Thus, in this model, commitment 
to the y8 or a8 lineage is determined primarily by the order 
and outcome of TCR gene rearrangement. 
Alternative models propose that T cell lineage commit- 
ment precedes or is independent of TCR gene re- 
arrangement. In one model, commitment to the af3 lineage 
is dependent on site-specific deletion of the 6 locus prior 
to Vu-Ja rearrangement (de Villartay et al., 1988; Hackett 
et al., 1988). This model is based on the observed deletion 
of the D&J&C8 region by recombination of two specific 
elements (6rec and VJa) flanking this region. Another 
model postulates that the S locus does not rearrange in 
a8 lineage cells (Winoto and Baltimore, 1989b), possibly 
owing to the influence of a recently described a16 locus 
control region (Diaz et al., 1994). The basis for this model 
was the report that circular DNA libraries from thymocytes 
undergoing Vu-Ja rearrangement contained 6’ clones 
with 6 genes almost exclusively in germline configuration 
(Winoto and Baltimore, 1989b). Other models are based 
on evidence that cis-regulatory elements may differentially 
control expression of TCR genes in a8 and y6 lineage 
cells. For example, in up lineage-committed cells, cis- 
acting silencers have been postulated to inhibit transcrip- 
tion of y (and perhaps 8) genes independent of their re- 
arrangement status (Bonneville et al., 1989; lshida et al., 
1990) and in yS lineage-committed cells, it has been sug- 
gested that a-specific silencers mapping near the Ca gene 
prevent the targeting of Ja genes for rearrangement (Wi- 
noto and Baltimore, 1989a). 
Here, we present evidence relevant to models for T cell 
lineage divergence. We show that 6 genes persist and are 
rearranged in DNA from CD4’CD8--a6+ mouse thymo- 
cytes. C6 genes in these cells are essentially all associated 
with D&J61 or V&D&J61 rearrangements and repre- 
sent as much as 50% of genomic DNA. Analysis of large 
DNA restriction fragments indicates that in immature up 
lineage thymocytes (CD3-%D4+CD8+), but not mature 
CD4+CD8-a8+ thymocytes, approximately 20% of re- 
arranged J&l genes are retained on chromosomal (nonex- 
cised) DNA. Similar analysis of CD4+CD8-a8+ thymocytes 
from a8 TCR transgenic mice, in which endogenous a 
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rearrangements are suppressed, shows that approxi- A 
mately 50% of rearranged JSl genes are retained on the SD62 3’J61 -- 
chromosome. We conclude that our results rule out two 
models for T cell lineage divergence: those postulating LLt;;-- -+--- 
that the S locus is recombinationally silent in thymocytes 
destined to become a8 cells (Winoto and Baltimore, DDPD @ @al al Ilaal 
1989b; Diaz et al., 1994) and those postulating that the S Va/b Grec V&l DSl D62 J61 J&2 CS VJa Ja 
locus necessarily undergoes site-specific deletion prior to 
the initiation of a rearrangement in a8 lineage cells (de 
Qb+ 
Villartay et al., 1988; Hackett et al., 1988). 
Results 
062-561 Rearrangements in Thymocytes 
of the af? Lineage 
The S locus has two D (DS1 and DS2) and two J (JSl and 
JS2) elements, as illustrated in Figure 1A. In newborn and 
young adult mice, most S rearrangements involve DS2 
and JSl (Chien et al., 1987b; Elliott et al., 1988). Thus, 
our analysis focused on DS2 and JSl to look for evidence 
of S gene rearrangements in thymocytes of the a8 lineage. 
Thymocytes from newborn mice were separated into cell 
subpopulations primarily based on surface expression of 
the a8 receptor, the TCR-associated protein complex 
(CD3), and the costimulatory molecules CD4 and CD8 (see 
Experimental Procedures). These subpopulations, or- 
dered by increasing maturity, included the following: 
CD3-CDCCD8-thymocytes, immature a8 lineage thymo- 
cytes that lack or have only low levels of surface a8 recep- 
tors and express CD4 or CD8 or both, more mature cells 
that have high levels of surface a8 receptors and express 
CD4 or CD8 or both, and finally, single-positive CD4+CD8- 
thymocytes with high levelsof surface a8 receptor expres- 
sion (CD4+CD8-up+ thymocytes). DNA from each subpop- 
ulation, as well as from unfractionated newborn and fetal 
thymocytes, was EcoRI-digested, Southern blotted, and 
hybridized with a 5’ DS2 probe, which corresponds to se- 
quences to the left of DS2. (Designations of right and left 
are taken from schematic maps included in this paper.) 
As shown in Figure lB, multiple nongermline 5’ DS2 
hybridizing fragments, together with the 7,400 bp germline 
fragment, are present in DNAfrom all thymocyte subpopu- 
lations. The most complex pattern of nongermline frag- 
ments is seen with DNA from CD3CD4CD8- thymocytes 
(Figure 1 B, lane a). A similar pattern is observed in DNA 
from day 15 fetal thymocytes. In every thymocyte subpop- 
ulation examined, a 2,500 bp fragment was detected, al- 
though at diminished levels in aj3+ thymocytes (Figure 1 B, 
lanes c and d). This fragment was previously shown to 
result from molecules with a preexisting double-strand 
break at the recombination signal on the left of DS2 and to 
comprise approximately 2% of thymus DNA from neonatal 
mice (Roth et al., 1992a). In addition to the 2,500 bp frag- 
ment, every thymocyte sample contained nongermline 
fragments of 3,300 and 6,600 bp. Previous analysis of 
the 3,300 bp species indicated that it is derived from a 
reciprocal product of DSI-DS2 or VS-DS2 joining and con- 
tains a signal junction (Roth et al., 1992a). The 6,600 bp 
fragment corresponds to DS2-JSl rearrangements (Chien 
et al., 1987b; Carroll and Bosma, 1991); the prominence 
Figure 1. DS2 Rearrangements in Thymocyte Subpopulations from 
Newborn Mice 
(A) Map shows organization of the 8 locus and its position within the 
a locus. Relevant EcoRl restriction sites (E) in BALWc genomic DNA 
are marked. Coding elements are denoted by rectangles and recombi- 
nation signal sequence elements containing 12 or 23 nt spacers are 
denoted by open and closed triangles, respectively (elements are not 
drawn to scale). The relative locations of the 8 deletion elements (Srec) 
and the pseudoJo (VJa) gene segment are indicated. Sequences 
used as hybridization probes are represented by solid bars above the 
map. 
(B) EcoRI-digested DNA was separated by electrophoresis through 
1% agarose gels, transferred to a nylon membrane, and hybridized 
to a 5’ DS2 probe. The sizes of the relevant fragments are indicated 
in base pairs. The two lanes on the left correspond to DNA from adult 
liver (Liver) and unfractionated day 15 fetal thymocytes (FD 15) of 
BALBlc mice. Lanes under the bracket correspond to DNA from thymo- 
cytes of newborn (NE) BALB/c mice and include unfractionated thymo- 
cytes (total); CD3-CD4dD8- thymocytes (a); thymocytes with little or 
no surface TCR 8 chain (TCR 8 chain”“) and expressing CD4 or CD8 
or both (b); thymocytes with surface TCR 8 chain (TCR 8 chain+) and 
expressing CD4 or CD8 or both (c); and CD3+CD4+CD8- (TCR 8 chain+) 
thymocytes (d). The isolation of these thymocyte subpopulations is 
described in Experimental Procedures. 
of this fragment in mature CD4+CD8-a8’ thymocytes of 
newborn mice indicates that recombination events at the 
6 locus must occur frequently in cells destined to express 
a6 receptors. 
To test whether DS2-JSl rearrangements were also 
present in a8 lineage thymocytes from adult animals, we 
repeated the above analysis with DNA from mature 
CD4+CD8-aj3+ thymocytes of adult and newborn mice. Fig- 
ure 28 shows that the 6,600 bp fragment was detectable 
in aS+ thymocyte DNA of adult mice, though it was much 
less abundant than in a8’thymocyte DNA of newborn mice 
(Figure 2A). Other nongermline 5’ DSS-hybridizing frag- 
ments, clearly evident in newborn mice, were not discern- 
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CD4+CDE-a8+ Thymocytes from Newborn and 
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1% agarose gels and transferred to nylon 
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I-” 0 membranes. Lanes l-3 and 4-6 are from differ- 
, 9 n c c ent gels. Membranes with thymocyte DNAfrom 
newborn (NB) or adult (Ad) mice were first hy- 
bridized to the 5‘ DS2 probe (A and B) and then 
stripped and hybridized to the 3 J&l probe (C 
and D). The sizes of the relevant fragments are 
indicated in base Pairs. 
Probe: 5’D62 3’J61 
ible in adult mice. The lossof 5’D82 hybridizing sequences et al., 1989). Since EcoRl cleaves 1,400 bp to the left of 
could have resulted from excision of the entire 6 locus D&l and 4,000 bp to the right of J61 (see map in Figure 
due to Va-Ja rearrangements(Lindsten et al., 1987; Chien IA), the 5,400 bp fragment is consistent with DSl-JSl and 
et al., 1987a), and also by recombination of DS2 with left- D61-DS2-J&l rearrangements. (The difference in size [16 
ward 6 elements (D61-IX2 and V&D&2 rearrangements). bp] between these two types of rearrangement would not 
The latter type of rearrangements, as well as those involv- be distinguishable by our Southern analysis.) A 5,400 bp 
ing J&l, can be detected with a probe (3’J61) correspond- fragment also was revealed in EcoRI-digested DNA from 
ing to sequences retained after V&D&J81 and D&J61 adult CD4+CD8-aj3’ thymocytes by hybridization to a 
joining (see map in Figure 1A). 5’D61 probe (data not shown). 
V6-O&J61 Rearrangements in up+ Thymocytes 
To test for V&D&J61 rearrangements in CD4+CD8-a8’ 
thymocytes, the Southern blots in Figures 2A and 28 were 
stripped and rehybridized with a 3’J61 probe. The results 
are shown in Figures 2C and 2D. Note the greater variety 
and abundance of 3’ J&l- than 5’ DSShybridizing frag- 
ments, particularly in adult CD4+CD8-a8’ thymocytes 
(compare Figures 28 and 2D). Although the pattern of J81 
rearrangements is more complex in the newborn than the 
adult thymocyte samples (Figures 2C and 2D), the pattern 
is not obviously different between each isolated 
CD4’CD8-a8’ thymocyte population and the correspond- 
ing unfractionated (total) thymocyte population from which 
it was derived. 
The identity of some 3’ JGl-hybridizing nongermline 
fragments in Figure 2 is suggested by their apparent size. 
The fragments of 13,000,9,600, and 9,300 bp correspond 
toV64-D&J61, V&5-D&J&l, and V67-D&J61 rearrange- 
ments, respectively. These rearrangements were pre- 
viously identified in EcoRI-digested DNA from y8 thymo- 
cyte hybridomas by using a similar J&l probe (Takagaki 
To test directly for rearranged V6 genes in CD4+ 
CD8-aj? thymocytes, EcoRI-digested DNA from these 
cells was hybridized to a VS4 probe. As shown in Figure 
3A, two germline fragments (8,400 and 1,800 bp) and a 
13,000 bp nongermline fragment are present in DNA from 
both unfractionated and CD4%aj3+ thymocytes. The non- 
germline fragment corresponds to a V&4-D&J61 re- 
arrangement (Takagaki et al., 1989). When the same blot 
was stripped and rehybridized with the 3’J51 probe, the 
nongermline 13,000 bp fragment was again observed 
(data not shown). 
We also obtained evidence for V85-D&J61 rearrange- 
ment in CD4+CD8-aS+ thymocytes by stripping the blot 
shown in Figure 3A and rehybridizing it to a C8 probe. 
Present in EcoRI-digested thymocyte DNA, but not liver 
DNA, is a 7,300 bp C&hybridizing fragment (Figure 38). 
This corresponds in size to a reciprocal (signal) joint prod- 
uct resulting from inversional rearrangement of the VS5 
gene, located to the right of C6 (see map in Figure 4) with 
D&l (Iwashima et al., 1988; Korman et al., 1989). The 
detection of this signal joint product is consistent with the 
presence of the 9,600 bp 3’ J&l-hybridizing fragment in 
Figure 2D, which results from V&5-DS-JSl rearrange- 
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Figure 3. Detection of V64 and V&5 Rearrangements in CD4+CD6-a6 
Thymocytes 
DNA from liver (lane l), unfractionated (total) thymocytes (lane 2). and 
CD4+CD6-af3+ thymocytes (lane 3) of adult mice was digested with 
EcoRI, electrophoresed through 0.6% agarose gels, and transferred 
to a nylon membrane. The membrane was hybridized with a V64 probe 
(A) and then stripped and hybridized to a C6 probe (B). The sizes of 
the nongermline VU-hybridizing fragment (13 kb) and the nongermline 
C&hybridizing fragment (7.3 kb) are indicated on the right. The posi- 
tions of Hindlll-digested phage h DNA size markers are shown on the 
left. 
ment (Takagaki et al., 1969). These results indicate that 
V&3-DS-JSl rearrangements occur in a6 lineage cells. 
Abundance of D62-J&l and V&D&J61 
Rearrangements in up Lineage Thymocytes 
The fraction of thymocyte DNA with DS2-JSl rearrange- 
ments was estimated by measuring the amount of 32P- 
labeled 5’ DS2 probe hybridized to the 6,600 bp fragment 
in thymocyte and liver DNA, and then rehybridizing blots 
with a probe to a nonrearranging sequence (RAGl) to nor- 
malize the amount of DNA in each lane (see Experimental 
Procedures). The results are summarized in Table 1. For 
both unfractionated and CD4+CD6-a6+ thymocytes, the 
proportion of DNA with DS2-JSl rearrangements is 3%- 
11% in newborn mice and 0.5% in adult mice. Note that 
the percentage of DNA with DS2 in germline configuration 
is greater in newborn (-2%) than in adult (<lo/o) thymo- 
cytes. 
In similar fashion, the fraction of DNA with VS-DS-JSl 
rearrangements was estimated by assuming that 3’JSl- 
hybridizing fragments larger than the 7,400 bp germline 
fragment correspond to VS-DS-JSl rearrangements, 
whereas DSl-DS2, DSl-JSl, DS2-JSl, and DSl-DS2- 
JSl rearrangements should all generate EcoRl fragments 
smaller than 7,400 bp. 3’JSl-hybridizing fragments larger 
than 9,000 bp were found to comprise approximately 30% 
of the DNA from CD4+CD6-a6’ thymocytes of newborn 
mice and 25% of the DNA from the corresponding thymo- 
cyte population of adult mice (Table 1). The fraction of 
DNA with VS-DS-JSl rearrangements is probably even 
higher, since some of the nongermline fragments smaller 
than 7,400 bp may correspond to rearrangements involv- 
ing other VS gene segments known to be utilized in adult 
mice (Elliott et al., 1988). Our analysis also showed that 
only about 1% and 5% of the DNA from CD4+CD8-af3+ 
thymocytes of young adult and newborn mice, respec- 
tively, contained JSl in the germline configuration. 
The abundance of the CS gene in CD4+CD8-a6+thymo- 
cytes was estimated by quantitating the amount of 10,800 
bp EcoRl fragment corresponding to the germline CS gene 
(shown in Figure 36). Liver DNA served as the germline 
control. Quantitative analysis of several independently 
prepared samples from adult mice showed that the abun- 
dance of the CS gene in DNA from CD4+CD8-a6+ thymo- 
cytes was approximately 50% that of liver. This was only 
slightly lower than the abundance of the CS gene (approxi- 
mately 60%) in DNA from unfractionated thymocytes. 
These results, together with those shown in Table 1, indi- 
cate that the CS gene persists in a large fraction of the 
DNA from up+ thymocytes and, in most cases, this gene 
is associated with DS-JSl or VS-DS-JSl rearrangements. 
Analysis of the 6 Locus in afi Lineage Thymocytes 
by Two-Dimensional Gel Electrophoresis: 
Rationale 
Two possible origins for the rearranged S elements in a6 
thymocytes were considered. Rearranged S genes may 
be located on extrachromosomal circular DNA molecules 
excised as reciprocal products of Vu-Ja recombination 
(Okazaki and Sakano, 1988; Takeshita et al., 1989). In 
addition, rearranged S genes may be present on the chro- 
mosomal DNA; i.e., on alleles that maintain the a locus 
in germline configuration. Although retention of an a locus 
in germline configuration is rare among clones and hybrid- 
omas derived from peripheral up+ T cells (reviewed by 
Malissen et al., 1992) similar characterization of thymo- 
cytes committed to the a6 lineage has not been done pre- 
viously. Depending on the maturity of a6 lineage thymo- 
cytes, a significant fraction of a alleles might be in the 
germline configuration, such that some rearranged S 
genes could be present on chromosomal DNA. 
To ascertain what proportion of rearranged S genes 
were on chromosomal DNA in immature (CD3-“” 
CD4’CD8+) and mature (CD4+CD8-a6’) thymocytes of the 
a6 lineage, we employed a two-dimensional sequential- 
digest technique (Woolf et al., 1986) to test for physical 
linkage of rearranged S genes with the nonrearranging Ca 
gene. Large DNA fragments of the CS/Ca region were 
produced with the infrequent cutting endonuclease, Pacl 
(the choice of enzyme was based on our enzyme restric- 
tion mapping of the CSICa region). Large size Pacl restric- 
;F! 8 Gene Rearrangements in a8’ Thymocytes 
Table 1. Percentage of DNA with DSZJ81 and V&D&t81 Rearrangements from a8+ Thymocytes of Newborn and Adult Mice 
Mouse’ Status of TCR 8 elementsa Unfractionated ceW CD4+CD8-a8’ celW 
Newborn D2 G) 
D2Jl 
Adult 
Jl (G) 
WW 
WG) 
D2Jl 
JIG) 
V-D-J1 
I Ii 
8 3 
11 4 
9 ND 
46 ND 
1 ND 
0.5 ND 
2 4 
33 30 
Ill 
3 
4 
I 
3 
11 
8 6 
37 33 
ND 0.2 
ND 0.5 
2 1 
32 24 
II Ill 
1 2 
3 7 
ND 5 
ND 28 
ND ND 
ND ND 
2 1 
25 27 
‘D2(G) and Jl(G) denote germline status of DS2 and JSl genes, respectively; J&l gene rearrangements involving D82 or V8 elements are denoted 
by D2Jl and V-D-Jl, respectively. 
DDNA from total (unfractionated) thymocytes and CD4+CD8-a8’ thymocytes was analyzed as follows. The amount of radioactive probe (either 5’ 
DS2 or 3’ J61) hybridized to unrearranged (germline) DS2 and JSl genes and to D82JSl and V&D&J81 rearrangements in thymocyte DNA 
was quantitated and divided by that hybridized to liver or kidney DNA. The ratios were adjusted for differences in DNA sample load by hybridization 
to a nonrearranging gene (ftAG7) and the normalized percentages are shown. ND, not done. 
cThymocytes were obtained from newborn or adult mice. Newborn mice for experiment I were used within 24 hr of birth and those for experiments 
II and Ill were used within 24-72 hr of birth. 
tion fragments were separated by field inversion gel elec- 
trophoresis, then digested in-gel with EcoRI. Next, the 
DNA was separated by conventional electrophoresis at 
a right angle to the first dimension, such that the small 
fragments resulting from in-gel digestion migrated directly 
under the first-dimension position of the larger fragments 
from which they were derived (see Experimental Proce- 
dures for details). 
As indicated in the restriction map of Figure 4, there 
are two Pacl sites in the CS/Ca region: one immediately 
to the right of JSl and one 95,000 bp further downstream, 
just beyond Cu. This 95,000 bp fragment should be ob- 
tained from chromosomes with the a/S locus in germline 
configuration, as well as from chromosomes with DS-JSl 
or VS-DS-JSl rearrangements, with the exception of in- 
versional rearrangements of VS5. In contrast, Pacl diges- 
tion of extrachromosomal (circular) DNA resulting from 
Vu-Ja rearrangement would result in nongermline CS- 
hybridizing fragments. These excised CS genes would be 
linked with novel Pacl sites contributed by the flanking 
sequences of coexcised Vu elements. Although VS-DS- 
JS2 rearrangements would also produce nongermline CS- 
hybridizing Pacl fragments, these rearrangements occur 
infrequently in adult thymocytes (Elliott et al., 1988) and 
are not detected by Southern blot analysis (Roth et al., 
1992b). 
Analysis of the S Locus in aj3 Lineage Thymocytes 
by Two-Dimensional Gel Electrophoresis: 
Results 
Figure 5 shows the results of two-dimensional sequential 
digest gel assays of PacllEcoRI-digested DNA hybridized 
to the CS probe. In liver DNA, a 10,800 bp CS-hybridiz- 
ing EcoRI-fragment is seen directly under the 95,000 bp 
first-dimension position for Pacl fragments (Figure 5A). 
The 10,800 bp germline fragment is relatively abundant 
in PacllEcoRI-digested DNA from immature CD3-‘1° 
CD4+CD8+ thymocytes (Figure 56), but is barely dis- 
cernable in DNA from CD4+CD8-a5’ thymocytes (Figure 
5C). In both thymus DNA samples, there are prominent 
10,800 bp fragments, which are derived from a series of 
nongermline Pacl fragments separated in the first dimen- 
sion. These Pacl fragments range in size from 25,000- 
80,000 bp and presumably represent reciprocal products 
of Vu-Ja joining. In addition to the 10,800 bp nongermline 
fragments, a 7,300 bp fragment (denoted by the asterisk) 
is seen directly beneath the the 30,000 bp position in the 
first dimension. The 7,300 bp fragment, which is present 
in thymocyte but not liver DNA, corresponds to a reciprocal 
joining product resulting from VS5 rearrangement (as indi- 
cated earlier in Figure 38). Quantitative analysis showed 
that the 10,800 bp germline fragment (denoted by an 
arrow) comprises approximately 20% of the CS-hybrid- 
Figure 4. Positions of Pacl and EcoRl Restric- 
tion Sites Flanking the C8 and Ca Gene Seg- 
ments in BALBlc Genomic DNA 
I “I I I I b I I 
Map of the rightward end of the TCR u/8 locus. 
Q) Q)a a 0 a a III1 Closed rectangles depict the four exons of the 
061 Lx2 J61 J6Z a V&5 J” co 
PZl 
Ca gene; all other symbols are as in Figure 1A. 
95 ib Relevant Pacl restriction sites (designated as 
P) and EcoRl restriction sites (designated as 
- EcoRI/Pacl 
3 z kb ~OBkt’ 39ib 23kb E) are shown. Illustrated below the map is the 
95 kb germline Pacl fragment, which contains 
the C6 and Ca gene segments. Also shown are a 3’J81-hybridizing fragment (3.2 kb), a C&hybridizing fragment (10.8 kb), and two Ca-hybridizing 
fragments (3.9 kb and 2.9 kb), all of which are released from the 95 kb Pacl fragment upon digestion with EcoRI. 
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Figure 5. Analysis of the CS Gene in a6 Lineage Thymocytes of BALBl 
c mice by Two-Dimensional Gel Electrophoresis 
Pa&digested DNA from liver (A), CD3-““GD4+CD6+ thymocytes (6) 
and CD4+CD6~@3+ thymocytes (C) of adult BALE/c mice was separated 
by field inversion gel electrophoresis in the first dimension, then EcoRI- 
digested in-gel and subjected to conventional gel electrophoresis in 
the second dimension as described in Experimental Procedures. DNA 
fragments were transferred to nylon membranes by Southern blotting 
and hybridized to the CS probe. The directions of migration (denoted 
by arrows) and the positions of ethidium-stained size markers in the 
first and second dimension are indicated above and to the left of the 
blots, respectively. In (B) and (C), the fragment corresponding to the 
germline C6 gene is marked with an arrow and the fragment corre- 
sponding to the reciprocal product of V&5-D&J61 rearrangement is 
marked with an asterisk. The isolation of CD3~““CD4+CD6’thymocytes 
is described in Experimental Procedures. 
izing signal in DNA from CD3-WD4+CD8+ thymocytes, 
but no more than 2% of the signal in DNA from 
CD4+CD8-a8+ thymocytes. 
To ascertain the extent of JSl rearrangements in the 
CD3-WD4CD8’ thymocytes, EcoRI-digested DNA from 
these cells was separated by conventional electrophoresis 
and hybridized to the 3’J61 probe (Figure 6, lane 2). The 
band corresponding to the 7,400 bp germline fragment is 
barely visible and represents approximately l%-2% of 
total genomic DNA. The pattern of nongermline fragments 
appears to be identical to that seen with DNA from 
CD4’CD8-ajY thymocytes (see Figure 2D, lane 6). To- 
gether with results from the two-dimensional gel electro- 
phoresis, these data indicate that virtually all C8 genes 
retained on the chromosome in CD3-%D4+CD8+ thymo- 
cytes are associated with J61 rearrangements. 
In a situation where a rearrangements are inhibited, a 
relatively high frequency of 6 rearrangements remaining 
within the chromosome would be predicted in aj3+thymo- 
cytes, because recombination at the 5 locus appears to 
be initiated very early in developing thymocytes (Chien et 
al., 1987b; Carroll and Bosma, 1991) and is essentially 
completed before the onset of a rearrangements (Held et 
al., 1990; Lauzurica and Krangel, 1994b). This prediction 
was tested by using thymocytes from transgenic mice ex- 
pressing the 264 a8 receptor. Expression of endogenous 
aj3 receptors in these mice is rare and rearrangement of 
endogenous a genes appear to be suppressed (Berg et 
al., 1968, 1989). In agreement with this observation, 90% 
of CD4+CD8-aj3’thymocytes isolated from 284 transgenic 
mice were found to express the transgenic a chain, as 
revealed by staining with fluorescein isothiocyanate 
(FITC)-conjugated anti-2B4 a chain (data not shown). To 
test for J&l rearrangements, EcoRI-digested DNA from 
these thymocytes was analyzed by Southern blotting using 
the 3’J61 probe. Figure 6 shows that JSI rearrangements 
in CD4’CD8-aj3’ (lane 4) as well as in CD3-““CD4+CD8+ 
(lane 5) transgenic thymocytes are as complex and abun- 
dant as those of CD3-%D4+CD8+ thymocytes from wild- 
type mice (lane 2). 
Two-dimensional sequential digest gel analysis of Pacll 
EcoRI-digested DNA from CD4’CD8-aP+ thymocytes of 
284 transgenic mice revealed a prominent 10,800 bp CS- 
hybridizing fragment located under the 100,000 bp first 
dimension position (Figure 76). This fragment corre- 
sponds to C8 genes retained on the chromosome and 
comprises approximately 50% of the C&hybridizing signal 
in these transgenic thymocytes. Most of these chromo- 
somally retained CS genes are associated with J61 re- 
arrangements, since the 3’JGl-hybridizing germline frag- 
ment (7,400 bp) in 2B4 transgenic CD4+CD8-a8 
thymocytes (see Figure 6, lane 4) represents <3% of the 
total genomic DNA. 
To characterize nongermline C&hybridizing Pacl frag- 
ments further, the blots of liver and CD4+CD8-afi’thymo- 
cyte DNA (see Figures 5A and 5C, respectively) were 
stripped and hybridized to the 3’ JSl probe. This probe 
hybridizes with a 7,400 bp germline fragment in EcoRI- 
digested liver DNA electrophoresed in the second dimen- 
sion only, shown at the far left in Figure 8A. In PacllEcoRI- 
digested liver DNA electrophoresed in two dimensions 
(Figure8A) a3,200 bp PacllEcoRl fragment located under 
the 95,000 bp first-dimension position is observed. (The 
size of this fragment is consistent with the restriction map 
shown in Figure 4). Very little of the 3,200 bp fragment is 
present at this position in DNA from CD4+CD8-a8+ thymo- 
cytes (Figure 8B), indicating that only a small fraction of 
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Figure 6. Rearrangement Status of JSl in a6 Lineage Thymocytes of 
284 Transgenic Mice and BALBlc Mice 
EcoRIdigested DNA from liver and a5 lineage thymocytes of adult 
mice was subjected to conventional electrophoresis through a 0.8% 
agarose gel, transferred to a membrane, and hybridized to the 3’JSl 
probe. The positions of size markers are shown on the left. The lanes 
correspond to the following: lane 1, BALBlc liver; lane 2, BALE/c 
CD3-“CD4+CD8+ thymocytes; lane 3, 284 transgenic liver; lane 4, 
284 transgenic CD4+CD8-af3+ thymocytes; and lane 5,2B4 transgenic 
CD3-WD4+CD8+ thymocytes. The isolation of these thymocyte sub- 
populations, as well as those in subsequent figures, is described in 
Experimental Procedures. 
the 6 locus is retained on the chromosome. Instead, the 
3,200 bp fragment exhibits the same pattern of distribution 
across the first dimension as seen with the 10,800 bp C6- 
hybridizing fragment (see Figure 5C). The data are consis- 
tent with maintenance of the germline Pacl site to the left 
of C6 and introduction of different Pacl sites to the right 
of CS; the introduction of different Pacl sites is most likely 
due to Vu-Ja rearrangement. 
The blots of liver and CD4+CD8-a6’ thymocyte DNA in 
Figures 8A and 86 were stripped and rehybridized to the 
Ca probe (see 8C and 8D). Seen to the left side of Figure 
8C are germline fragments of 3,900 and 6,200 bp from 
EcoRI-digested liver DNA electrophoresed in the second 
dimension only. These fragments contain sequence from 
the left and right ends, respectively, of the Ca gene seg- 
ment (Hayday et al., 1985). In PacllEcoRI-digested liver 
DNA electrophoresed in two dimensions (Figure 8C), frag- 
ments of 3,900 and 2,900 bp are observed under the 
95,000 bp first-dimension position; the 2,900 bp fragment 
is derived from the 6,200 bp EcoRl fragment, which has 
an internal Pacl site (see map in Figure 4). The 3,900 and 
23 - 
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Figure 7. Analysis of the C6 Gene in CD4+CDBeaf3+ Thymocytes of 
284 Transgenic Mice by Two-Dimensional Gel Electrophoresis 
PacllEcoRI-digested DNA from liver (A) and CD3+CD4+CD8- thymo- 
cytes (8) of adult 284 transgenic mice was analyzed in the manner 
described in Figure 5. All notations are as in Figure 5. The difference 
in the size of the C&hybridizing germline Pacl fragment probably re- 
flects a genetic polymorphism between BALB/c and the C57BU6 ge- 
netic background of the 284 transgenic mouse. 
2,900 bp fragments are also seen in PacllEcoRl digested 
DNA from CD4+CD8-a6+ thymocytes, but are derived from 
nongermline Pacl fragments ranging in size from 15,000 
to >lOO,OOO bp (Figure 8D). These nongermline Pacl frag- 
ments presumably reflect the introduction of novel Pacl 
sites into the Ja region by flanking sequences of re- 
arranged Vu elements. The continuous bands of Ca- 
hybridizing signal at the 3,900 and 2,900 bp positions 
presumably reflect the great diversity of Vu-Ja re- 
arrangements. Interestingly, reciprocal product8 of such 
rearrangements, as scored with the 3’J61 probe in Figure 
88, appear less diverse than the Va-Ja rearrangements. 
Discussion 
The preceding results show that the CS gene persists in 
approximately 50% of the DNA from mature a6’ thymo- 
cytes. Most C6 genes in these cells are associated with 
D62-J61 or V6-D&J61 rearrangements. The latter re- 
arrangements comprise at least 25% and 30% of DNA 
from CD4+CD8-a6+ thymocytes of adult and newborn 
mice, respectively, and include V&I-D&J61, VSS-DS- 
J&l, and V&7-D&J&l rearrangements. The same types 
of 6 gene rearrangements were also detected in peripheral 
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Figure 8. Analysis of J61 and Cu Genes in CD4’CD8-a8’ Thymocytes of BALB/c Mice by Two-Dimensional Gel Electrophoresis 
(A) and (C) of liver DNA correspond to the blot in Figure 5A, which was sequentially stripped and hybridized to the 3’JSi (A) and Ca (C) probes. 
(6) and (D) of CD4+CD8-a/3+ thymocyte DNA correspond to the blot in Figure 5C, which also was sequentially stripped and hybridized to the 3’ 
JSl (B) and Ca (D) probes. Brackets above membrane denote the length of the first dimension lanes. Shown outside of the brackets on the far 
left (A and C) is Ecofll-digested adult liver DNA, separated by conventional electrophoresis in the second dimension only. All other notations are 
as in Figure 5 
a8+ T cell8 isolated from the spleen (unpublished data). 
Independent evidence for rearranged S genes in ap+ thy- 
mocytes and lymph node T cells has also been recently 
reported by Livak et al. (1995) and Dudley et al. (1995). 
Chromosomal6 Gene Rearrangements 
in afi Lineage Thymocytes 
One issue raised by these findings is the genetic context 
of rearranged S genes in thymocytes destined to express 
a6 receptors, since the genes encoding S chains are 
nested within the a locus and can be deleted by Vu to Ja 
recombination. To address this issue, we tested to what 
extent the molecular linkage of the CS and Ca genes on 
chromosome 14 was maintained for CS genes in 
CD3-floCD4+CD8+ and CD4+CD8-a8’ thymocytes. Using 
a two-dimensional sequential-digest assay (Figure 5) we 
showed that the germline Pacl restriction fragment con- 
taining both the CS and Ca genes represented approxi- 
mately 20% of the C&hybridizing signal in DNA from 
CD3-“°CD4+CD8+ thymocytes. The same germline frag- 
ment, signifying chromosomally retained CS genes, was 
barely detectable in DNA from CD4+CD8-af3’thymocytes. 
In this case, essentially all of the C&hybridizing signal 
was associated with nongermline Pacl fragments, which 
represent extrachromosomal DNA excised by Vu-Ja 
rearrangement. Though approximately 20% of the a al- 
leles in CD3”“CD4+CD8+ thymocytes appeared not to be 
rearranged, virtually all of the S alleles in these immature 
a8 lineage cells were rearranged; moreover, these cells 
showed a complexity and abundance of VS-DS-JSl re- 
arrangements comparable to that observed in mature 
CD4+CD8-af3+ thymocytes (Figure 6). We conclude that 
S gene rearrangements are completed at or before the 
CD3-“OCD4+CD8+ stage of thymocyte development and 
that rearrangement of the S locus in a8 lineage thymo- 
cytes probably occurs before its excision by Vu-Ja re- 
arrangement. 
This conclusion is strengthened by our results with 
CD4+CD8-a8+ thymocytes expressing the 284 a8 trans- 
gene. Two-dimensional sequential digest gel analyses of 
these cells showed that approximately 50% of the per- 
sisting S locus was retained on the chromosome (Figure 
7) a significantly larger percentage than in CD4+CD8-a8 
thymocytes of wild-type mice (<l% of persisting CS 
genes). We interpret the striking abundance of S alleles 
retained on the chromosome in thymocytes of 284 mice 
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to reflect transgene-mediated suppresssion of endoge- 
nous a gene rearrangement, consistent with previous 
studiesof 264mice(Berget al., 1988,1989). Thissuppres- 
sion enabled us to assess more fully the rearrangement 
potential of chromosomal S genes in a8 lineage thymo- 
cytes. As virtually all JSl elements are rearranged in 
CD4+CD8-aP+ thymocytes of 284 mice (Figure 8) most 
chromosomally retained CS elements in these cells must 
be associated with JSl rearrangements. That these cells 
are committed to the up lineage is inferred from the pres- 
ence of nongermline C&hybridizing PacllEcoRl frag- 
ments. Such fragments represent reciprocal recombina- 
tion products of Vu-Ja joining (discussed below). 
Together, the results of Figures 5-7 strongly suggest that 
all S gene rearrangements in a8 lineage cells occur prior 
to Vu-Ja rearrangement. 
Evidence consistent with rearrangement of S genes in 
a8 lineage T cells has been previously reported by others. 
In two independent analyses of circular DNA libraries pre- 
pared from thymus, many 6’ clones were found to have 
rearranged S genes. These rearrangements were pre- 
sumed to have occurred chromosomally prior to the dele- 
tion of the S locus by Vu-Ja joining, although recombina- 
tion of S genes on excised circular DNA could not be ruled 
out (Okazaki and Sakano, 1988; Takeshita et al., 1989). 
It was suggested that successive gene rearrangement at 
the a/S locus may be a common event during T cell devel- 
opment (Takeshita et al., 1989). Chromosomally re- 
arranged a and S loci in individual thymocyte hybridomas 
from fetal, newborn, and adult mice have been directly 
demonstrated (Thompson et al., 1990, 1991) though the 
thymocyte subpopulation represented by these hybrido- 
mas was not determined. More recently, a8- and yS- 
expressing thymocytes from transgenic mice with a hu- 
man germline S minilocus were found to have equivalent 
V-D-J rearrangements of the minilocus when it contained 
the TCR S enhancer (ES) (Lauzurica and Krangel, 1994a). 
Replacement of the ES with the TCR a enhancer (Ea), 
however, resulted in V-D-J rearrangement of the minilo- 
cus in a8+ thymocytes only (Lauzurica and Krangel, 
1994b). In addition, the developmental timing of V-D-J 
rearrangement was found to be dependent on the minilo- 
cus enhancer; i.e., rearrangement of the minilocus con- 
taining the Ea was initiated at the. CD3-CD4CD8- stage 
of thymocyte development, whereas rearrangement of the 
minilocus containing the ES was completed at this stage. 
These results imply that the ES is able to initiate V-D-J 
rearrangement in precursors of both afi and yS T cells 
and that S gene rearrangements are concluded before the 
onset of a gene rearrangements and the accompanying 
excision of the S locus. 
Models of T Cell Lineage Commitment 
That S genes commonly undergo chromosomal re- 
arrangements in thymocytes of the a8 lineage is contrary 
to a previous model in which S gene rearrangement is 
excluded in precursors destined to express a8 receptors 
(Winoto and Baltimore, 1989b). It has been suggested that 
the determination to rearrange a but not S genes may be 
due to the action of a recently described a/S locus control 
region (a/S LCR) thought to regulate chromatin structure 
(Diaz et al., 1994). Mapped near the Ca gene, the a/S 
LCR has been proposed to interact more strongly with the 
proximal Ja region than the DS-JS region in cells commit- 
ted to the a8 lineage. This interaction would allow greater 
accessibility of a than S genes to the recombinase and 
thus, essentially prevent S gene rearrangement. Our dem- 
onstration of chromosomally rearranged S genes in up 
lineage thymocytes, however, indicates that there is no 
mechanistic distinction between the control of S gene re- 
arrangements in yS and a8 lineage cells. 
Our results are also contrary to a model that postulates 
the DS-JS-CS region is necessarily excised in a8 lineage 
thymocytes by a site-specific mechanism before the onset 
of Vu-Ja rearrangement (de Villartay et al., 1988; Hackett 
et al., 1988). This excision was suggested to be mediated 
by recombination between noncoding Srec sequences 
and the pseudolla (VJa) sequence (see map in Figure 
1A for relative positions of these elements). According to 
the physical map of the murine a/S locus (Wang et al., 
1994) rearrangement of JSl with any VS (or Vu) element 
(except VSl and VS5) should result in deletion of both Srec 
elements. Thus, for example, alleles with VS4-DS-JSl or 
VS7-DS-JSl rearrangements would not be subject to exci- 
sion of the S locus by Srec to Ja recombination. Our evi- 
dence for such rearrangements in CD4’CD8-aP+ thymo- 
cytes is therefore inconsistent with routine excision of the 
S locus by Srec to WJa recombination in a8 lineage cells. 
Although the mechanism is still unclear, commitment 
to the a8 or yS lineage may occur late in the developmental 
pathway of thymocytes. The capacity to give rise to both 
yS+ and a8+ cells appears to be a property not only of the 
earliest T cell precursor population identified in the thymus 
(Wu et al., 1991) but also of the most differentiated cells 
(CD25CD44) within the CD3-CD4CD8- thymocyte sub- 
population (Petrie et al., 1992). As previously suggested, 
the initiation of Vu-Ja rearrangement may be controlled 
by developmentally regulated activation of the Ea late in 
the CD3-CD4-CD8- stage of thymocyte differentiation 
(Lauzuricaand Krangel, 1994b). Cells within this subpopu- 
lation that fail to produce functional yS heterodimers and 
undergo positive selection may remain recombinase- 
active and initiate rearrangement at the a locus. 
The above idea is consistent with sequential re- 
arrangement models for T cell commitment (Allison and 
Lanier, 1987; Pardoll et al., 1987) and with recent results 
indicating that the frequency of nonproductively re- 
arranged S genes (Dudley et al., 1995; Livak et al., 1995) 
and y genes (Dudley et al., 1995) is significantly higher in 
a8 lineage thymocytes and peripheral up’ T cells than 
expected for random rearrangements. On the basis of 
these and other recent results, Livak et al. (1995) have 
proposed a competitive model for T cell lineage commit- 
ment. This model assumes that a common precursor cell 
remains bipotential even after achieving a productive 8 
gene rearrangement. Lineage is determined according to 
whether the precursor cell expresses and receives a signal 
through its yS receptor prior to the expression of a 8 chain/ 
pre-Ta receptor complex, recently identified by Saint-Ruf 
et al. (1994). The latter complex would mediate a signal 
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to initiate a8 lineage commitment events, including re- 
arrangement of the a locus and suppression of 6 gene 
transcription. Other results suggest that development of 
a8 T cells requires activation of a y silencer to inhibit tran- 
scription of rearranged y genes (Bonneville et al., 1989; 
lshida et al., 1990). While the mechanism and role of lin- 
eage-specific silencing of TCR gene transcription is un- 
clear, recent evidence from TCR transgenic mice indi- 
cates that development of a8 lineage cells is not absolutely 
dependent on a y silencer (Sim et al., 1995) and that the 
type of TCR expressed by T cell precursors may not invari- 
ably determine lineage commitment (Dent et al., 1990; 
Kersh et al., 1995; Sim et al., 1995). 
In conclusion, it seems likely that a series of events 
representing several different mechanisms may influence 
lineage commitment: the onset of rearrangement at differ- 
ent TCR loci, the outcome of such rearrangements, the 
expression of rearranged TCR genes, and, possibly, the 
efficiency with which immature yS+ cells become irrevers- 
ibly committed to the y8 lineage. 
Differences in Apparent Diversity Between 
Nongermline CS- and C&Hybridizing Fragments 
Deletional recombination appears to be the major mecha- 
nism for a gene rearrangement, as all Va or Ja gene seg- 
ments analyzed thus far seem to be in the same transcrip- 
tional orientation (Jouvin-Marche et al., 1990; Wilson et 
al., 1992; Wang et al., 1994). Such a mechanism is also 
consistent with the presence of excised circles containing 
6 genes in thymocytes undergoing a gene rearrangement 
(Okazaki and Sakano, 1988; Takeshita et al., 1989) and 
with the general absence of 8 sequences in hybridomas 
and clones derived from peripheral ap+ T cells (reviewed 
by Malissen et al., 1992). Given this mechanism, most 
of the nongermline G-hybridizing PacllEcoRl fragments 
identified by our two-dimensional gel assay would repre- 
sent (reciprocal) signal joint products of Va-Ja re- 
arrangement contained on excised circles. Nongermline 
Ca-hybridizing PacllEcoRl fragments would correspond 
to coding joint products (joined Va-Ja elements). As pri- 
mary products of a single recombination event, both kinds 
of product would be expected to show comparable size 
heterogeneity. 
Strikingly, the diversity of nongermline C&hybridizing 
fragments from CD4+CD8-af3+ thymocytes appeared to be 
less than that of the nongermline Ca-hybridizing frag- 
ments. Several possibilities for the apparent difference in 
diversity can be considered. One possibility is that it may 
simply reflect the loss of some and persistence of other 
excised signal joint products in af3+ thymocytes (discussed 
further below). Another possibility is that initial a gene re- 
arrangements, as well as the resulting signal joint prod- 
ucts, are largely diverse. Unrearranged Va and Ja ele- 
ments on these excised products, however, would be 
targets for successive rearrangement, which would re- 
duce the average diversity (and size) of circles that contain 
6 genes. A third possibility is that at the onset of a gene 
recombination, a restricted set of Vu to Ja rearrangements 
occur resulting in the generation of excised products of 
limited diversity. Continued chromosomal rearrangement 
of Va and Ja elements to the left and right, respectively, 
of the original coding joint, would result in greater diversity 
of Va-Ja coding products than signal joint products. The 
latter two possibilities are consistent with continued ex- 
pression of the recombination activation genes, RAG7 and 
RAGP, in CD3’thymocytes and with secondary rearrange- 
ment at a alleles following productive or nonproductive a 
gene rearrangement (Takeshita et al., 1989; Turka et al., 
1991; Borgulya et al., 1992). 
The difference in abundance of chromosomal CS genes 
between immature CD3-noCD4+CD8+ and mature CD4+ 
CD8-aP+ thymocytes (see Figures 58 and 5C) most likely 
reflects continued rearrangement of germline a alleles 
during the differentiation of immature a8 lineage thymo- 
cytes to mature a8+ thymocytes. At the latter stage of thy- 
mocyte differentiation, almost all a loci are rearranged as 
indicated by the very low abundance of C6 and Ca germ- 
line genes. This general absence of allelically excluded 
a alleles in mature ap’ thymocytes is consistent with previ- 
ous results showing a lack of allelic exclusion at the a locus 
of hybridomas and cell clones derived from peripheral a8 
T cells (reviewed by Malissen et al., 1992). 
Persistence of the 6 Locus in afl+ Thymocytes 
The abundance of CS genes in CD4’CD8-a8+ thymocytes 
(50%-80% of the abundance in liver DNA) is surprising 
as the majority of 6 genes are already excised from the 
chromosome in immature CD3”“CD4+CD8+ thymocytes 
(Figure 58). Proliferation of thymocytes following Va-Ja 
rearrangement would be expected to dilute excised DNA 
with CS genes to levels much less than those observed. 
Indeed, the thymocyte subpopulations with the highest inci- 
dence of dividing cells, the most mature cells (CD25CD44-) 
of the CD3CD4CD8- subpopulation (Pearse et al., 1989) 
and cells of the CD3-““CD4+CD8+ subpopulation (Shortman 
et al., 1991) are also the subpopulations in which a gene 
rearrangements occur (Pearse et al., 1989; Borgulya et 
al., 1992). In addition, BrdU labeling studies indicate that 
immature CD4+CD8+afYi thymocytes proliferate at some 
point prior to becoming mature CD4’CD8-a8hi cells (Lucas 
et al., 1993). 
One way to explain the persistence of C8 genes in 
CD4+CD8-aP+ thymocytes is to postulate that the recipro- 
cal circular products of Va-Ja rearrangement may un- 
dergo limited replication rather than being immediately 
diluted out during thymocyte proliferation. To initiate DNA 
replication, circles would have to contain a replication ori- 
gin, which in eucaryotic DNA is estimated to occur at inter- 
vals of 30,000-300,000 bp (Alberts et al., 1994). Although 
the distance spanning the closest Va and Ja gene seg- 
ment is unknown, the a15 locus has been estimated to 
encompass approximately 1 Mb (Wang et al., 1994). As 
Vu and Ja elements are located on opposite ends of this 
locus, most of the circles initially resulting from a gene 
rearrangement should be very large. Perhaps large pri- 
mary circles with several replication origins replicate dur- 
ing cell division, but then lose this ability as the size of 
the circles is reduced with successive recombination of 
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unrearranged Vu and Ja gene segments. Eventually, 
these small circles would be lost as peripheral up+ T cells 
divide. 
Experimental Procedures 
Mice 
BALBlcAnlCR mice were bred in the animal facility of Fox Chase Can- 
cercenter. Fetal micewereobtained from females impregnated during 
overnight matings. The day the male was removed was designated 
as day 0. Newborn mice were l-3 days of age and young adult mice 
were 4-6 weeks old. Adult 284 transgenic mice (Berg et al., 1969) 
were obtained from L. Spain. 
Isolation of Thymocyte Subpopulations 
Thymocyte subpopulations were isolated by a two-step procedure con- 
sistingof immunomagneticseparation (Miltenyi et al., 1990)or panning 
(Wysocki and Sato, 1976) to enrich for a particular CD41CD8 cell sur- 
face phenotype, followed by fluorescence-activated cell sorting. Un- 
less otherwise noted, monoclonal antibodies (MAbs) were purified, 
conjugated, and used for staining as described (Hardy, 1988). 
Subpopulations used in the analysis shown in Figure 1 B were iso- 
lated as follows: thymocytes were incubated with biotin-conjugated 
MAb specific for CD4 (GK1.5) (Dialynas et al., 1983) and biotin- 
conjugated MAb specific for CD8 (53.6) (Ledbetter and Herzenberg, 
1979) followed by Texas red-conjugated streptavidin (TR-avidin) and 
then biotin-conjugated MACS microbeads (Miltenyi Biotec). The cell 
suspension was loaded onto a MACS separation column in a MACS 
separator (Miltenyi Biotec) and the nonadherent (CD4-CD8--enriched) 
thymocytes were collected. Nonadherent thymocytes were further in- 
cubated with phycoerythrin (PE)-conjugated MAb 5OOA2 specific for 
CD3s (Havran et al., 1967) (purchased from Pharmingen), FITC- 
conjugated MAb 30H12 specific for Thy 1.2 (Ledbetter and Herzenb- 
erg, 1979) and additional TR-conjugated avidin prior to sorting for 
Thyl+CD4-CDB-CD3- cells. Column adherent thymocytes (those ex- 
pressing both CD4 and CD8 as well as those expressing only CD4 or 
CD8) were recovered by removing the column from the separator and 
washing it. The recovered thymocytes were then stained with FITC- 
conjugated MAb H57-597 (Kubo et al., 1989) (obtained from Boeh- 
ringer Mannheim) specific for the constant region of the TCR8 chain 
and with additional TR-avidin. To isolate CD4+CD8-ajY cells, thymo- 
cytes were sequentially stained with biotin-conjugated anti-CD8, fol- 
lowed by a mixture of TR-avidin, allophycocyanin (APQconjugated 
antiCD4, and FITC-conjugated anti-TCR8 before cell sorting. 
For all other preparations of CD4+CD8+ cells, thymocytes were 
stained with biotin-conjugated antiCD8, followed by APC-conjugated 
antiCD4, TR-avidin, and PE-conjugated antiCD3. To isolate 
CD4+CD8-aj3’ cells from young adult 284 transgenic mice (used in 
Figures 8 and 7), thymocytes were stained as described above for 
newborn mice. CD4+CD8-a6’thymocytes sorted from 2B4 transgenic 
mice were reanalyzed after staining with FITC-conjugated anti-264 a 
chain (clone A2B4-2) (Samelson et al., 1983). All other CD4+CD8-a8 
subpopulations were isolated from thymocytes first depleted of CD8’ 
ceils by immunomagnetic separation using biotin-conjugated anti- 
CD8. or by panning on anti-CD8-coated petri dishes. Nonadherent 
cells (CD4+ enriched)obtained with either procedure were stained with 
biotin-conjugated anti-CD8. followed by APC-conjugated antiCD4, 
FITC-conjugated anti-TCR6, TR-avidin, and, in some experiments, 
PE-conjugated anti-CDS. After the last staining step, each thymocyte 
preparation was washed twice before resuspending in staining me- 
dium. Propidium iodide was included to stain dead cells, but was omit- 
ted when cells were stained with PE-conjugated MAb. Flow cytometry 
analysis and sorting were performed with a FACStar Plus flow cyto- 
meter (Becton Dickinson) equipped with a dual laser/dye laser and 
filters for four-color immunofluorescence. 
Genomic DNA Preparations 
Cells were resuspended in phosphate-buffered saline at 6 x lO’cells/ 
ml and mixed with an equal volume of 1.2% InCert agarose (FMC 
Bioproducts) at 42OC. Aliquots (0.1 ml) were transferred to a Plexiglas 
mold and allowed to solidify on ice. The resulting agarose blocks were 
processed to prepare DNA according to the method previously de- 
scribed (Sambrook et al., 1969). 
DNA Probes 
Gel-purified DNA fragments were prepared and used as hybridization 
probes after oligomer-primed labeling with %P (Feinberg and Vo- 
gelstein, 1983). The 5’ DS2, 3’ JSI, and CS probes were described 
previously (Carroll and Bosma, 1991). Other probes were as follows: 
the VS4 probe was a 390 bp Sall-EcoRV fragment obtained from cDNA 
clone pKNlP-Dl (Takagaki et al., 1989); the Ca probe was a 370 bp 
Xholl-Avall fragment from the cDNA clone pCa (Schuler et al., 1988) 
and the RAG1 probe was a 6,800 bp Notl fragment from the cDNA 
clone M6 (Schatz et al., 1989). 
Southern Blot Analysis and Quantitatlon 
For each sample, half of an agarose block containing DNA from ap 
proximately 1.5 x 108cells was prequilibrated with restriction enzyme 
buffer and then digested with 50 U EcoRl (Bethesda Research Labora- 
tories). The reaction was terminated by the addition of 1 x Tris-borate- 
EDTA (TBE) buffer (Sambrook et al., 1989) containing IO mM EDTA. 
Blocks were embedded in 0.8% agarose prior to electrophoresis in 
1 x TBE buffer. Also included in each gel was a block containing 
Hindllldigested 1 DNA to provide size standards. The size-fractionated 
DNA was transferred to nylon membranes (Nytran Plus, Schleicher 
and Schuell) and hybridized with 32P-labeled probes. Hybridization and 
washing were carried out as described elsewhere (Roth et al., 1992a). 
The amount of radioactivity hybridized to DNA fragments was mea- 
sured with either a phospho-imager (Molecular Dynamics Corpora- 
tion), as described previously (Roth et al., 1992a), or with an AMBIS 
4,000 radioanalytic imaging system (RIS) (AMBIS, Incorporated) and 
AMBIS version 3 QuantProbe software. Analyses of the same South- 
ern blot with these two systems gave similar results. Radioactivity was 
measured for the following fragments: 7,400 bp band (unrearranged 
DS2) and 6,600 bp band (DS2-J61 rearrangements) hybridized with 
the SD62 probe; 7,400 bp band (unrearranged JSI) and bands greater 
than 9,000 bp (V-D-J61 rearrangements) hybridized with the 3’JSl 
probe. The amount of radioactivity associated with these fragments 
in thymus DNA was divided by that associated with the 7,400 bp frag- 
ment in liver or kidney DNA included on the same blot. To normalize 
these ratios, blots were stripped and rehybridized with a probe (RAGI) 
for a nonrearranging sequence. The amount of radioactivity associated 
with RAG7 was used to adjust for differences in DNA sample loads. 
Two-Dimenslonal Gel Electrophoresls 
Two-dimensional sequential digest gel electrophoresis was carried out 
according to Woolf et al. (1988). In our hands, this method results in 
a stronger hybridization signal from small fragments resolved in the 
second dimension compared with signals obtained from large frag- 
ments resolved by single dimension electrophoresis. This may be due 
to the ability of smaller fragments in the second dimension to run as 
more concentrated bands, or because the background of nonspecific 
hybridization was distributed over a larger area in the second dimen- 
sion, or both. 
For the first dimension, half of an agarose block containing IO pg 
of Pacl-digested genomic DNA was embedded in 0.8% agarose gels 
(1 :I ratio of SeaKem Gold and SeaKem GTG agaroses. FMC Biopro- 
ducts) and subjected to field inversion gel electrophoresis with asym- 
metric voltage using a CHEF Mapper pulsed field electrophoresis sys- 
tem (Bio-Rad Laboratories). The gels were run at 14OC in 0.5 x TEE 
buffer for 20 hr using field inversion gel electrophoresis conditions of 
8 V/cm forward and 5 V/cm reverse fields. The switch time ramps were 
1.5-3.2 s with a linear ramp. These conditions separated molecules 
up to 200 kb. The relative mobilities of concatemers of 1 DNA (Mid- 
Range PFG markers I and II, New England BioLabs) were measured 
after ethidium bromide staining and used to determine the size of 
genomic DNA fragments migrating in the first dimension. Lanes with 
genomic DNA were excised and equlibrated with EcoRl digestion 
buffer (50 mM NaCI, 100 mM Tris [pH 7.51, 10 mM MgCI, and 0.025% 
Triton X-l 00) for 90 min on ice. After further equilibration with digestion 
buffer containing 100 &ml acetylated bovine serum albumin (New 
England Biolabs), in-gel digestion of the DNA was performed with 750 
U of EcoRl (Bethesda Research Laboratories) for 6-7 hr on a rotating 
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platform. As a control, a block containing liver DNA was equilibrated 
with digestion buffer and treated with 50 U EcoRI. Reactions were 
terminated by the addition of 1 x TEE buffer containing 10 mM EDTA. 
For second dimension electrophoresis, each excised lane was posi- 
tioned horizontally so that the DNA was electrophoresed at a right 
angle to the first dimension. Blocks containing DNA size standards 
or EcoRCdigested liver DNA were aligned with the edge of the excised 
lane facing the direction of second dimension electrophoresis. Sam- 
ples were embedded in 0.6% agarose and subjected to standard gel 
electrophoresis in 1 x TBE buffer. 
Restriction Map of the TCR a/6 Locus 
The maps depicted in Figures 1 and 4 are based on our Pact mapping 
studies and previously reported information (Roth et al., 1992a; Wilson 
et al., 1992; Wang et al., 1994). In Figure 4, the three Pacl sites were 
characterized as follows. Two sites were identified by restriction map- 
ping of liver DNA: one site is approximately 50 kb to the left of D62; 
the other is between J&l and JS2 and was further characterized by 
restriction mapping of the plasmid JS7, which contains a genomic 
EcoRl fragment encoding the D62 and J61 elements. The Pacl site 
1250 bp to the right of the Ca gene was predicted by published se- 
quence (Wilson et al., 1992) and confirmed by our pulsed-field gel 
analysis. 
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